Abstract
Introduction
Antioxidants are shown to be important in health and disease. 1, 2 Although much is known about the mechanisms underlying a person's antioxidant status, including dietary intakes and bioavailability, individual requirements, metabolism, expenditure and genetic factors, [3] [4] [5] it is not fully understood which and how background variables affect antioxidant status.
As for other health related factors, socioeconomic status (SES), for which education is a common measure in health research, 6 has been found to be of importance for antioxidant status. [7] [8] [9] [10] [11] However, only few studies have investigated the association between social status and carotenoids; a study from the United States found significantly lower serum carotenoids levels in neighbourhoods with high deprivation. 10 Likewise, a study in an urban indigenous population in Australia showed a positive correlation between SES and plasma concentrations of several carotenoids. 7 Findings from the CARDIA-study showed that total carotenoids decreased with decreasing SES, 8 and results from the Scottish MIDSPAN study showed strong inverse associations between plasma carotenoids and adult markers of social deprivation, 11 while a study from Belgium found no association between social status and β-carotene-deficiency. 9 Only one of these studies examined possible mechanisms through which SES may affect antioxidant status. The CARDIA study by Janicki-Deverts et al (2009) 8 explored whether the proposed association between SES and carotenoids was mediated by smoking, alcohol consumption and depression, and found that these factors partly mediated the effect of SES on carotenoids.
There is substantial evidence for social inequality in health behaviours, with for instance poorer diet quality 12 and higher prevalence of smoking among lower SES groups, 13, 14 and both dietary intakes and smoking habits are shown to have an impact on an individual's antioxidant status. 4, 5, 15 However, by which mechanisms SES impact on antioxidant status is not known, and to our knowledge, only one study has investigated whether the association between SES and antioxidant status is mediated by smoking 8 while none to date have explored whether intakes of fruit and vegetables may mediate this effect. Thus, which of these health behaviours that are the most important mediator in the association between educational level and antioxidant status has not been examined.
The main objective of the current study was to examine whether smoking and/or fruit and vegetable intake may mediate the association between socioeconomic status measured by educational level and single and total plasma carotenoids.
Methods
The Oslo Youth Study began in 1979 when 1016 primary-and secondary school students (mean age 13 years, range 11-15) attending six schools in socio-economically disparate neighbourhoods of Oslo were invited to participate in a health survey. The objective of the study was to obtain epidemiological data on risk factors for cardiovascular disease and cancer and to evaluate the effects of an intervention program which aimed at discouraging smoking initiation and improve physical activity and dietary habits (described in detail elsewhere 16, 17 Venipuncture was done by the participants' General Practitioners, and all blood samples were analysed for the plasma carotenoides lutein, zeaxanthin, lycopene, α-and β-carotene and β-cryptoxanthin at the University of Oslo. Plasma carotenoids were analysed as previously described in online supporting material by Karlsen et al. 18 The plasma levels of lutein and zeaxanthin were summed and the combined measure was used in the analyses.
Participants completed a validated quantitative food frequency questionnaire (FFQ) designed to assess usual diet during the past year. 19 The questionnaire included 180 food items grouped together according to the typical Norwegian diet and meal pattern. Questions were phrased to assess the usual intake, and both frequencies (10 response alternatives) and amounts (ranging between four and 14 response alternatives dependent on food item) were reported by the participants. We estimated daily intake (in grams) of total fruit and vegetables 
Statistical Analyses
Effect modification by sex was tested by linear regression analyses, but as there were little evidence of an effect modification, analyses were run for men and women combined. Singleand two-mediation analyses were adjusted for sex, age, BMI and fasting status, and assumptions for the mediation analysis were met. Linear regression analyses were used in the single-and two-mediation models which were carried out for the total effect of education on plasma carotenoids represented by the c-path ( 
Results
The attrition analyses revealed significant differences between 2006 participants and non- The associations between education, cigarette consumption, fruit and vegetable intake and carotenoids are presented in table 2 in two-mediation models. Results from single-mediation models did not change noticeably when both mediators were included in two-mediation models, and therefore only results from the two-mediation models are presented. Education was associated with β-cryptoxanthin, α-carotene, and with lutein and zeaxanthin combined (cpath, which are identical for single-and multi-mediation models), but not with total carotenoids, β-carotene or lycopene.
In the a-paths (that is the associations between the independent variable and the mediators, and identical for all end points and single-and two mediation models) the association between education and cigarette consumption and between education and fruit and vegetable intake were significant; education was negatively associated with smoking and positively associated with fruit and vegetable intake.
Cigarette smoking was negatively associated with β-cryptoxanthin in single-(not shown) and two-mediator models (b-paths) and fruit and vegetable intake was positively associated with β-cryptoxanthin in single-(not shown) and two-mediator models (b-paths). Cigarette consumption fully mediated the association between education and β-cryptoxanthin in the two-mediation model. There were no significant associations between cigarette consumption or fruit and vegetable intake and total carotenoids, α-or β-carotene, lutein/zeaxanthin or lycopene in single-(not shown) or two-mediation models.
Discussion

Findings
Education was positively associated with plasma β-cryptoxanthin, α-carotene and lutein/zeaxanthin as well as with cigarette consumption and fruit and vegetable intake.
Cigarette consumption seemed to be more important as a mediator between education and plasma levels of β-cryptoxanthin than the intake of fruit and vegetables.
Other studies
The positive association found between educational level and β-cryptoxanthin, α-carotene and lutein/zeaxanthin in the current study is partly supported by previous research; only few of the earlier studies have, however, included β-cryptoxanthin as an end-point, 7 ,10 while more studies have included α-carotene. 7, 10, 11 The two identified studies including β-cryptoxanthin have conflicting results regarding the influence of education and SES on this specific carotenoid; one study 7 did not find any association between SES and β-cryptoxanthin, while the other one 10 found that higher SES predicted higher levels of β-cryptoxanthin. In line with our finding, three previous studies found that different measures of SES, including educational level, were positively associated with α-carotene. 7,10,11 However, unlike our findings that education was not associated with β-carotene, lycopene and total carotenoids, previous research have reported that higher SES predicts higher levels of antioxidants.
7-11
Education was strongly associated with smoking and fruit and vegetable intake in the current study, with a negative association with smoking and a positive association with fruit and vegetables. These results are in line with previous research.
12 -14 Consistent with other studies, smoking was negatively associated with β-cryptoxanthin in the current study. [23] [24] [25] Previous research has been equivocal regarding the association between α-carotene and smoking; in the present study, smoking was non-significantly and negatively associated with α -carotene. Other studies report both negative 25, 26 and no associations. 23, 24 In the current study we did not find a significant negative association between smoking and β-carotene and zeaxanthin-plus-lutein as previously reported, while the lack of an association between smoking and lycopene in the current study is supported by numerous previous studies. [23] [24] [25] Previous research examining the association between smoking and carotenoid status has mostly contrasted current daily smoking against non-smoking, while in the present study number of cigarettes smoked daily was applied as the independent variable. This might explain some of the inconsistencies between this and earlier research.
The only statistically significant association between fruit and vegetable intake and antioxidants found in the current study was for β-cryptoxanthin, with higher intakes associated with higher levels of β-cryptoxanthin. This is in agreement with earlier research. 27, 28 However, previous research has demonstrated a strong association between dietary intakes of antioxidants and antioxidant level in plasma/serum, which we did not find here.
9,27-29
Explanations
The inconsistencies between the current study and studies from other countries might be ascribed to differences in age, ethnicity, socioeconomic status, unadjusted confounders, for example other health behaviours, and methodological issues. The participants' age range in the current study was narrow, originally they were all from the capital of Norway and due to a high drop-out rate, selection bias might have occurred, which may contribute to low variability in socioeconomic status and other health behaviours. Further, different measures of socioeconomic status and different methods used to examine dietary habits, smoking and carotenoid status can not necessarily be used interchangeably.
Epidemiological studies have shown that cigarette smokers consume fewer fruits and vegetables than non-smokers. 25, 30, 31 A weak and non-significant negative correlation was observed between smoking and intake of fruit and vegetables in the present study (Spearmans's rho=-0.14, P=0.020). However, results from previous studies indicate that smoking is associated with antioxidant status independent of dietary intakes. 15 The mediating effect of smoking on the association between education and anti-oxidant status in the present study is likely to be beyond the effect of different dietary habits because including intake of fruit and vegetables in the analyses did not change the effect of smoking. A French study found that plasma β-carotene was lower in smokers compared to non-smokers, and that the association did not change after adjustment for dietary intakes. 31 How cigarette smoking leads to lower levels of antioxidants is not fully understood.
Reasonable theories are that cigarette smoking could result in increased metabolic turnover because of increased oxidative stress, or that smoking could decrease micronutrient absorption. 15 Exposure to cigarette smoke has been observed to degrade α-tocopherol, β-carotene, cryptoxanthin, lutein/zeaxanthin, and lycopene in human plasma. 33 This can explain our finding of a significant inverse association between smoking and α-tocopherol and β-cryptoxanthin. That the other investigated antioxidants did not show a significant association with smoking may be due to lack of statistical power to detect significant associations. Alberg (2002) 15 concluded in a review of the literature on the influence of smoking on circulating antioxidants that the effect of cigarette smoking was weaker for nonprovitamin A carotenoids as zeaxanthin-plus-lutein and lycopene than for the provitamin A carotenoids α-and β-carotene and β-cryptoxanthin. Our findings are consistent with this.
Strengths and weaknesses -methodological issues
The food frequency questionnaire used to obtain dietary data has been validated among Norwegian men and found to adequately rank people with regard to energy intake and most nutrients. 19 Furthermore, due to that the intake of only selected nutritional supplements were assessed by the questionnaire combined with a high degree of missing on these questions, intake of such supplements could not be calculated. This may have influenced the results in the current study. Previous research indicates that intake of supplements is lower among smokers than others. [34] [35] [36] If this holds true also in the present sample, the mediating effect of smoking may have been somewhat overestimated. Thus, this is a possible confounding variable which we are not able to control for, as data are not available.
The participants in the Oslo Youth Study were included through schools in different socioeconomic areas in Oslo, indicating that they are fairly representative of the source population.
The presence of missing data raises obvious concerns regarding selection bias, but although the attrition rate was rather high, it was comparable to that reported in previous longitudinal studies with similar follow-up periods. 37, 38 However, a small analytical sample in 2006 may have diminished the chances of detecting significant associations between smoking, fruit and vegetable-intake and anti-oxidants. Furthermore, that the participants in the present study were more likely to be female, older and have parents with higher education and less often be smokers in 1979/81, may indicate that the present sample has a healthier lifestyle than the initial sample. 12, 39, 40 This should, however, not influence the associations between education, Cross-sectional data were used to conduct mediation analysis and therefore conclusions on causality cannot be made. Normally, mediation analyses require longitudinal data in order to be able to discern the causes and effects of several variables. However, when exploring the associations between education, intake of fruit and vegetables, smoking and antioxidant status, the associations are likely to be in the suggested direction. Also, educational level Using cross-sectional data only means that changes over time cannot be detected. As measurements were based on self-reported data, the answers may be biased as well as social desirable.
Conclusion
Both cigarette consumption and fruit and vegetable intake mediated the association between education and plasma levels of β-cryptoxanthin, of which smoking seemed to be the more important mediator. There was no evidence of a mediating effect for other single or for total carotenoids in plasma.
smoking cessation. 3 F&V intake= daily intake of fruit and vegetables. *P<0.05, **P<0.01, ***P<0.001.
